The phylogenetic relationships of members of the genera Rhizobium, Agrobucterium, Bradyrhizobium, and Azorhizobium were studied by direct sequencing of their amplified 16s rRNA genes. Comparative analysis of the sequence data confirmed that the genera Bradyrhizobium and Azorhizobium belong to distinct phylogenetic lineages. The genera Rhizobium and Agmbucterium were found to be phylogenetically heterogeneous, and several subgroupings in which Rhizobium and Agrobacterium species were intermixed were evident. The present findings show that the genus and species definitions of these organisms are in need of revision. Different possibilities for this are discussed in the light of sequencing data.
At present, the family Rhljobiaceae comprises four genera: Rhizobium and Bradyrhizobium for, respectively, the fast-and slowly growing, root-nodulating legume symbionts; Agrobacteriurn for strains inducing tumors on roots and stems of various plants; and Phyllobacterium for leaf-nodulating symbionts of members of the families Myrsinaceae and Rubiaceae (12) . The genus Azorhizobium, created for the stem-and root-nodulating symbionts of Sesbania rostrata, can also be regarded as a member of this family (5) . Phylogenetically, all these genera belong to the alpha-2 subclass of the Proteobacteria (22, 25) . While the genera Bradyrhizobium and Azorhizobium are located on different lineages, together with various non-plant-associated genera (5, 24) , Agrobacterium and Rhizobium species are closely related (3, 11) .
Until recently, the genus Agrobacterium contained five species: the type species, Agrobacterium tumefaciens; Agro bacterium radioba cter; Agroba cterium rhizogenes ; Agrobacterium rubi; and Agrobacterium vitis (13, 19) . Whereas A. rubi and A. vitis are well-defined separate taxa, A. tumefaciens, A. radiobacter, and A. rhizogenes are not. They were created mainly on the basis of plasmid-borne phytopathological traits and therefore do not correlate with the two biovars defined on the basis of phenotypic and genetic data. Both biovars contain strains of each of these three species (13) . Recently, five marine Agrobacterium species have been described as a separate, genotypically distinct subdivision within the genus Agrobacteriurn (20) .
In Bergey 's Manual of Systematic Bacteriology (12) , three Rhizobium species are described: the type species, Rhizobium leguminosarurn, with several biovars according to host-plant specificity; Rhizobium rneliloti; and Rhizobium loti. A further four species have recently been described: Rhizobium galegae for strains from Galega orientalis (14) , Rhizobium fredii for soybean isolates (10, 21) , Rhizobium huakuii for strains from Astragalus sinicus (2) , and Rhizobium tropici for strains of R. leguminosarum bv. phaseoli type IIA and IIB (16) . Several other groups have been described but not yet named (17, 26) .
In this study, we have determined 16s rRNA gene sequences of strains from all Rhizobium species (except R. huakuii, for which we could not obtain strains), five Agro-* Corresponding author.
bacterium species or biovars, and a number of reference species, in order to investigate their phylogenetic interrelationships.
MATERIALS AND METHODS
Cultures and cultivation. The strains used are listed in Table 1 . They were grown on yeast extract-mannitol agar (23) or TY medium (17) . All strains are either type strains or representatives for their taxon, as established by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of total cellular proteins (17) .
Amplification of genes coding for rRNA (rDNA). DNA was extracted by the method of Marmur (15) , or alternatively, cells were boiled in water for 10 min in the presence of glass beads and the supernatant was used as template for the polymerase chain reaction. A large fragment of the 16s rRNA gene (positions 21 to 1521; Escherichia coli numbering system [l]) was amplified as described previously (24) . The amplified product was purified with a Prep-A-Gene kit (Bio-Rad, Richmond, Calif.) according to the manufacturer's instructions.
16s rDNA sequence determination. Direct sequencing of the obtained 16s rDNA fragments was performed as described previously (24) . Additional primers to the following sequences were used: 5' GC TAG TTG GTG GGG TAA and 5' GCC ATC TCA GTT CGG ATT G (corresponding to positions 247 to 263 and 1291 to 1309; E. coli numbering sys tem) .
Analysis of sequence data. The generated rDNA sequences and those of reference strains (obtained from the EMBL Data Library) were aligned pairwise, and similarities were calculated with the Genetics Computer Group Sequence Analysis package V.7.01 (4) on a VAX computer. Similarity values were transformed into nucleotide substitution values (KnUc) (9) , and an unrooted phylogenetic tree was produced with the algorithm of Fitch and Margoliash (8) . Parsimony and bootstrap analyses were performed with the programs DNAPARS and DNABOOT of the Phylogeny Inference Package (7) . The branch lengths in the parsimony tree were calculated by counting the number of changes in each branch. Deletions or insertions of more than 1 base length were counted as one change.
Nucleotide sequence accession number. The determined sequences were deposited in the EMBL Data Library under accession no. X67221 to X67234.
RESULTS AND DISCUSSION
The primary structures of the 16s rRNA as derived from direct sequencing of the amplified fragment are shown in Fig.  1 Fig. 2 . Analysis of our data confirms the existence of three major groups of rhizobia. The first group contains the genus Bradyrhizobium, which, as discussed in detail elsewhere (24), is highly related to Blastobacter denitnficans and the genera Afipia, Nitrobacter, and Rhodopseudomonas. A second and clearly separate lineage is formed by the genus Azorhizobium. DNA-rRNA hybridization studies have shown that the genus Xanthobacter belongs to this line (5). The third group, containing Rhizobium and Agrobacterium species, is the largest and most diffuse. It consists of several smaller groups or pairs of species, all branching off within roughly the same region of the tree. A distinct cluster was formed by two pairs of species (ca. (Fig.  2) . Repeated Fitch analyses, using different input orders, gave identical trees (results not shown). To assess the reliability of the branching point of R. loti, the sequence data were subjected to parsimony and bootstrap analyses. The resulting phylogenetic tree ( Fig. 3) clearly demonstrates that whilst the subgroupings/species-pairs found are stable, in several cases the position and branching order were subject to considerable uncertainty. Most notable was the branching of the R meliloti-R. fredii subgroup and the R. loti lineage outside the main Rhizobium-Agrobacterium cluster in the parsimony analysis (Fig. 3) .
From our data and previous findings (5, 11, 25), it is clear that Rhizobium and Agrobacterium species are phylogenetically intertwined. A profound revision of the generic and species classification in this group is therefore inevitable. At the generic level, the topology of the tree ( Fig. 2) allows for several alternative solutions. In a first option, the genera Rhizobium and Agrobacterium could be retained but, provided sufficient phenotypic evidence is available, their species should be rearranged according to the subgroups found in the phylogenetic analyses. This would involve emendation of both generic definitions. The genus Agrobacterium would contain the Agrobacterium biovar 1 taxon (including the type strain of the present type species, A. tumefaciens), A. rubi, A. vitis, and R. galegae. The genus Rhizobium would contain the type species, R. leguminosarum; R. tropici; and a species to be named, representing the present Agrobacterium biovar 2, but the inclusion of R. meliloti, R fredii, and in particular R loti would be questionable because of 6] ) of all leguminous plants have been screened for symbionts, and in future, the description of many new groups can be anticipated. Therefore, it can be expected that the present phylogenetic scheme will be substantially elaborated over the next few years. The latter alternative may thus lead to the creation of a large number of new genera, resulting in a rather complex classification scheme. Until more strains have been studied to establish the robustness of the rRNA clusters, it would be premature to make formal recommendations for the taxonomic revision of the Rhizobium-Agrobactenum complex.
At the species level, rRNA data alone are not sufficient to draw formal conclusions, but some important comments can be made. Regardless of their generic affiliation, the following taxa seem valid specific entities: A. vitk, A. rubi, R. fredii, R. galegae, R. leguminosarum, R. loti, and R. meliloti. It is clear that A, tumefaciens, A. radiobacter, and A. rhizogenes will have to be redefined. At present, two main groups, each including strains from all three species, emerge from all available data (15) . Our results indicate that both groups are phylogenetically distinct: biovar 1 grouping together with A. rubi and more distantly with R. galegae and A. vitis, and biovar 2 being highly related to R. tropci (probably at the species level).
